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lipped capital femoral epiphysis (SCFE) in late childhood is associated with hip impingement. 1, 2 The loss of normal hip motion and the early onset of pain and arthritis 3, 4 are attributed to abnormal hip geometry and mechanics. 5 It is believed that the resulting pistol-grip deformity is caused by the healed position of the posterior and varus rotation of the femoral head to a further anteversion of the neck. 6, 7 The more severe the deformity or the loss of the normal head-neck offset, the greater the chances of abnormal femoroacetabular articulation. 5 There is growing evidence that a certain number of younger adult patients with primary or idiopathic osteoarthritis (OA) may have hip impingement. 8 Radiographs, magnetic resonance imaging, skeletal studies, and intraoperative findings have identified a number of anatomical changes.
2,9Y11 On the acetabular side, some of the changes are: acetabular retroversion 12, 13 osteophytes and labral tears, 14, 15 and articular cartilage damage. 16 On the femoral side, the associated findings are diminished head-neck ratio or offset, 8, 17 decreased femoral anteversion 18 bony bumps or osteophytes on the neck, 18 loss of joint space, 19 and articular cartilage deterioration and tears. 20 The clinical presentation of these patients with primary OA may be similar to those patients with SCFE because both groups complain of hip pain associated with loss of hip flexion and internal rotation. 21 Hip preservation operations consisting of open hip dislocation for adequate debridement are resulting in mixed results. The best outcomes were seen in patients with no radiographic evidence of arthritis or acetabular dysplasia.
22Y24
There is general consensus that the in situ pinning of mild slips (head-shaft angle less than 40 degrees) with a single cannulated screw is not expected to adversely affect the longterm function of the hip. 7 However, there are authors who have recommended in the past in situ pinning of a chronic SCFE regardless of the degree of slip. 25Y29 There is a belief that metaphyseal remodeling with time is expected to minimize or avert impingement and/or increase hip motion. 30 Siegel et al, 31 on the contrary, found no significant bony remodeling in a clinical study. Instead, they attributed the early increase in range of motion and reduced pain to anterolateral resorption of part of the femoral neck. Whereas others do recommend that in the case of a chronic moderate and severe SCFE, the best initial treatment is a corrective femoral osteotomy alone or in combination with an osteoplasty. The goal of the surgery is to improve motion and alignment of the leg and delay or prevent premature onset of hip arthritis. The current osteotomies used include subcapital, 32 base of neck, 6, 33 intertrochanteric, 34, 35 and subtrochanteric. 36, 37 We hypothesize that the femoral head and neck wear characteristics are distinctly different between SCFE and ORIGINAL ARTICLE primary OA patients. Because of these differences, patients with SCFE are expected, in general, to develop symptomatic hip arthritis earlier than patients with primary OA of the hip.
Comparative wear characteristics of the femoral head and neck in a series of adult patients with arthritis from SCFE and primary OA, to the best of our knowledge, have not been documented in the literature. This prospective study will compare cartilage wear of the femoral head and bony changes on the femoral neck in patients undergoing total hip arthroplasty (THA) for primary OA with those associated with SCFE. In addition, 3-dimensional (3-D) modeling of the femoral head and proximal neck of SCFE patients as well as femoral head specimens from those patients with hip fractures and those with SCFE are to be used to explain some aspects of hip biomechanics.
METHODS
A prospective study was conducted using 100 specimens: 16 SCFE and 84 with primary OA. Specimens were taken from patients undergoing THA over a 10-year period. Only 2 SCFE specimens were not included in this study. One of these specimens was fragmented at the time of surgery. The other omitted specimen was from a patient who had first an in situ pinning followed by a base of neck osteotomy 6 years later. All 84 consecutive primary OA femoral head specimens were collected from 1 surgeon's (E.A.) practice. The average circumference of the femoral heads was 46 mm, with a range from 40 to 62 mm.
The inclusion criteria for this study were based on previous medical records, clinical history, physical examination, and radiographs. The SCFE patients were easy to identify. They all gave a history of hip surgery in the preadolescent or adolescent period. They all had lateral hip skin incisions. In addition, the retained hip pins and the femoral head deformity characterized by postslip morphology helped confirm the diagnosis of SCFE.
The medical information on each patient was insufficient to diagnose the associated chondrolysis of the hip. Excluded from the primary OA group were secondary or preexisting causes such as trauma, hip dysplasia, Legg-Calvé-Perthes disease, metabolic disorders, known epiphyseal syndromes, avascular necrosis of the femoral head, coxa vara, and metabolic disorders.
For the SCFE group, the mean age at the time of surgery was 46 years, ranging from 29 to 57 years. Nine of the patients were men, 6 were women. This group was composed of 9 left and 7 right hips. The OA group had a mean age of 57 years at the time of surgery and ranged from 28 to 86 years. Thirtyeight of these patients were men and 46 were women. There were 42 left and 42 right hips in the primary OA group.
The radiographs of the hip in the SCFE group consisted of anteroposterior and lateral views of both hips. In all instances, there were advanced arthritic changes of the hip with complete loss of joint space. The average neck-shaft angle was 136 degrees with a range of 125 to 145 degrees. Magnetic resonance imaging or computed tomographic (CT) scans were not routinely performed on these patients. It was not always possible to accurately measure the degree of slip using the head shaft angle of Southwick 37 because of the lack of anatomical landmarks. In addition, it was not possible to tell if any of the recent radiographs were diagnostic of chondrolysis. Initial preoperative or postoperative radiographs were not available for study.
Head-neck offset was determined by the lateral hip radiographs and examination of the specimens. Klein line was used to assess the offset on the radiograph. 38 A ruler was placed on the superior lateral femoral neck and head of the specimen. Failure of the line to transect the head or the ruler to be elevated by the femoral head constituted a complete loss of head-neck offset. The degree of partial loss of offset was not quantitated.
Each specimen was studied for the presence and location of grade 4 chondromalacia wear 39 or exposed subchondral bone on the femoral head. The specimen was photographed from 4 different angles, and orthogonal radiographs were taken (Figs. 1A, B) . In addition, a 2-D paper grid was used to measure the wear area for each specimen (Fig. 2) . The combined data from the 2-D grids for the SCFE and OA groups were analyzed for location and frequency of grade 4 chondromalacia wear and stored on a Microsoft Excel spreadsheet. Each 5 Â 5Ymm square of the grid represents a Only an area involving greater than 50% of a unit was counted. The drawing of the region of exposed subchrondral bone on the grid and tabulation of the units involved with the grade 4 changes were done by a single investigator (E.A.) for all specimens.
A subset of 11 femoral heads was randomly selected for CT scans: 6 femoral heads from the SCFE group and 5 from the OA group. One and one halfYmillimeter-thick cuts were done for each of these specimens. The information taken from the CT scan was used with Mimics (Materialise, Ann Arbor, Mich) and Visualization Toolkit (Kitware, Inc, Clifton Park, NY) softwares to create a 3-D model of the femoral head and neck. The 3-D model was then taken to Pro/Engineer Wildfire (Tristar, Phoenix, Ariz) in IGES format, making it possible to add the chondromalacia grade 4 wear patterns on the 3-D model.
In addition, 5 femoral heads were randomly collected from patients with femoral neck fractures. These patients were treated with femoral endoprostheses. They gave no history of prior hip disease, and a study of their radiographs showed no OA. The average age of the patients was 78 years (range, 65Y89 years). The specimens were cut with an oscillating saw in sagittal and frontal planes. The thickness of the cartilage was measured for each specimen using a ruler under loop magnification. The Institutional Review Board of our institution approved this study, which was conducted in adherence with established guidelines for the treatment of subjects.
Statistical Analysis
Statistical comparisons between the SCFE and OA groups were done using the Statistical Package for Social Sciences (SPSS, Version 14.0, Chicago, Ill). In addition, for all analyses, the level of significance was set at P G 0.05. A simple linear regression analysis was conducted between the 3-D modeling of the femoral head and neck and the 2-D paper grid. The 3-way analysis of variance was used to study the differences between the OA and SCFE groups, by comparing the 2-D grid's 4 quadrants: posterior upper quadrant (PUQ), anterior upper quadrant (AUQ), posterior lower quadrant (PLQ), and anterior lower quadrant (ALQ). Three subsections, outer, middle, and inner, of each quadrant were identified in the grid.
RESULTS

Validation of 2-D Paper Grid
The 3-D data of 11 specimens (SCFE, 6 specimens; primary OA, 5 specimens) validated the 2-D paper grid data of the same specimens at a 95% confidence level (Fig. 3) . This necessary observation permitted us to use the simpler 2-D grid to plot all areas of grade IV chrondromalacia of the femoral head, instead of using the more complex 3-D method for all 100 specimens.
The SCFE and Primary OA Differences
When the wear characteristics of the 4 quadrants were analyzed in all specimens, there was a statistical difference between the wear patterns of the SCFE and OA specimens (P G 0.01). The power of the study was 0.999. The confidence interval was at 95% for the 2 groups (Fig. 4) . Similar significant differences were noted when the AUQ and PUQ outer subsections were compared between the 2 groups. These subsections represent wear on the superior femoral neck. All 16 specimens for the SCFE group and only 3 (4%) of 84 primary OA specimens showed evidence of wear extending into the neck area.
Statistical differences were noted between the anterior lower quadrant and both the PLQ and PUQ. In addition, similar differences were seen between the PLQ and both the AUQ and PUQ.
Based on the data points for wear of the femoral head and neck, it was possible to highlight the difference between the 2 groups (Figs. 5A, B) . The SCFE group was characterized by (1) loss of neck-head offset, (2) acetabular-neck impingement, and (3) loss of superior peripheral articular cartilage adjacent to superior neck (Fig. 5A) . The primary OA group was characterized by (1) preservation of head-neck offset, (2) absence of acetabular neck impingement, and (3) preservation of superior peripheral articular cartilage (Fig. 5B) .
In the primary OA group, the head-neck offset was preserved in 80 (95%) specimens. In the 4 patients with reduced offset, 2 were 29 and 40 years old. There was one other patient from the 40-year-old and younger group who had 
Case Report
A typical case of an SCFE patient is illustrated (Fig. 6 ). This 45-year-old man presents with worsening right hip pain and restricted hip flexion to 60 degrees and internal rotation to minus 45 degrees (Fig. 6) . Radiographs of the hip show advanced hip arthritis acetabular neck impingement and in situ pinning of the hip with 4 Knowl pins (Fig. 6B) . The head-shaft angle on the lateral view was 65 degrees. The normal angle on average is minus 9 degrees. At age 12 years, he underwent an open in situ pinning of the femoral head. Initially, hip function remained restricted and pain free. However, at age 35 years, he started complaining of progressive hip pain. At age 45 years, he underwent an alumina-on-alumina THA. The femoral head was grossly deformed (Fig. 6C) . The grade 4 chondromalacia changes extended to the superior neck. The head-neck offset was diminished. The superolateral acetabulum was denuded of articular cartilage, and the labrum was not present in this region.
Three-Dimensional Modeling
The CT scan data preoperatively obtained from 1 patient with a chronic severe slip and the CT scans of the 6 femoral head and necks retrieved from the SCFE patients were used to create a 3-D modeling of an affected hip joint in different stages of flexion (Fig. 7) . As the hip goes into flexion, the acetabulum impinges on the superolateral femoral neck, causing the femur to externally rotate.
Normal Cartilage Distribution on Femoral Head
Measurements and distribution of the normal cartilage were conducted on the femoral head specimens of 5 patients treated for femoral neck fracture. None of the patients had OA.
The cartilage was the thickest just superior to the fovea. This area measured, on average, 2 mm in thickness in this cohort of senior citizens (Fig. 8) . The cartilage thickness tapered gradually over the weight-bearing superior area of the femoral head to end at the head-neck juncture. The articular cartilage inferior to the fovea maintained a constant thickness of 0.05 mm until it ended at the head-neck juncture.
If the femoral head is rotated to 60 degrees of varus, the thickness of the superior weight-bearing articular cartilage diminishes dramatically as the superior peripheral acetabulum impinges on the superior femoral neck (Fig. 8) .
DISCUSSION
In this study, we attempted to describe the local differences between the SCFE and primary OA femoral head and neck in patients who develop advanced hip arthritis. The SCFE patients require total hip replacement on average 11 years earlier than the group of patients with primary OA. 
Carney et al
3 also reported the earlier appearance of hip arthritis in SCFE patients. They found in their long-term study that 44 hips (28%) required additional procedures at a median age of 28 years after the onset of symptoms. The procedures included in their study were 37 THAs, 13 cup arthroplasties, and 5 fascial arthroplasties. Goodman et al 40 found arthritic changes in 116 (38%) of adult human skeletons with posterior slip morphology, which they concluded were major risk factors for the development of high-grade OA.
We found a distinct difference in the wear characteristics of the femoral head and neck between the SCFE and primary OA groups. The slip specimens resemble the cam-type femoral neck-acetabular impingement associated with a decreased head-neck offset. 12, 16, 40 This type of impingement is characterized by a loss of sphericity of the femoral head at the superior lateral and anterolateral head-neck juncture.
Our anatomical findings do not support the observation that the loss of head-neck offset was a major factor in primary OA patients. Only in 3 younger patients with primary OA did we observe an apparent decrease in the head-neck offset. In addition, only 4 patients with a mean age of 61 years show loss of the superolateral cartilage rim and bony wear onto the adjacent superior neck. The femoral head osteophytes in 27% of specimens extended onto the femoral neck. These osteophytes may also contribute to the hip impingement. In the Espinosa et al 41 study, they noted many cases of femoroacetabular impingement of 60 hips in 52 patients younger than 41 years. These younger patients may represent a unique subset for which the natural history of cartilage wear and hip joint function is not documented in that retrospective work. 41 The 3-D volume/surface computer model was used to explain abnormal hip motion in SCFE. The proximal femur causes the flexing hip first to impinge on and then to force the femur to externally rotate and abduct. Rab 5 also studied the geometry of movement and impingement for SCFE with a 3-D model. His models were based on mathematical assumptions, whereas our models were based on CT images of several SCFE and primary OA femoral heads specimens. He correctly postulated that abnormal motion and hinging are direct results in the early onset of articular cartilage wear, as demonstrated in our SCFE patients undergoing hip replacement surgery.
The thickest articular cartilage of the femoral head was found just superior to the fovea in specimens of all adult patients with femoral neck fractures. This area corresponds to the area of maximum compressive forces on the femoral head as described by Bombelli et al 42 ( Fig. 9) . Any abnormal rotation of the femoral head specimen results in an increased area of thinner articular cartilage to articular with the acetabulum. This observation raises 2 important issues for patients with SCFE.
The first concern has to do with the role of in situ pinning of slips in children with varying degrees of chronic SCFE as a way of delaying the need for a femoral osteotomy for a later time if they started complaining of pain and loss of hip motion. 7 The data presented in this study and our personal experience discourage this practice for moderate to severe chronic slips in favor of an initial femoral osteotomy. 6 Waiting until the patient develops pain about the hip usually occurs several years later at which time it may be too late to consider a corrective osteotomy.
The benefits of performing a major surgical osteotomy procedure must be weighed against the potential for such complications as avascular necrosis, nonunion, chondrolysis, FIGURE 8. Sagittal sections are taken of the femoral head specimen at the level of the fovea in a patient with a femoral neck fracture. This area corresponds to the region of thickest articular cartilage on the femoral head. The arrow represents the area of maximum compressive forces on the femoral head as described by Bombelli et al. 42 A, Normal orientation of femoral head. B, Thirty degrees of varus rotation of the femoral head. C, Sixty degrees of femoral head. Note that as the head rotates into varus, the thickness of the articular cartilage at the weight-bearing area diminishes. This can be done provided that the femoral osteotomy is performed in the proximal intertrochanteric area and higher. The Southwick subtrochanteric osteotomy will require a repeat femoral osteotomy at the same time as the THA procedure.
The second issue relates to some hip preservation procedures designed to increase hip motion and possibly reduce hip pain in younger patients with hip impingement. 22 The procedures in question are local debridement of osteophytes, metaphyseal bumps, torn labrum, and so on for patients with primary OA and SCFE. Again, the data from our study question the long-term value in increasing hip motion in a patient with moderate to severe SCFE. The increase of hip motion is expected to expose even thinner peripheral femoral articular cartilage and portions of the neck metaphysis to articulate with the acetabulum. However, combining the debridement procedure with a redirectional femoral osteotomy 21 or femoral osteotomies alone are likely to give better outcomes.
Possible shortcomings of this study include the patient selection for the primary OA group. Primary OA implies an intrinsic defect of the cartilage, whereas in the secondary type, there is previous articular damage. Solomon et al 43 studied 327 cases of hip arthritis. He proposed a new classification because he felt that in most of his cases, there were underlying abnormalities of the joints. He suggested a classification of 3 types of OA. Our primary OA patients seem to fit into a subtype of his type 1 group. The type 1 group is failure of essentially normal cartilage subjected to abnormal or incongruous loading for long periods. Type 2 is damaged or defective cartilage failing under normal conditions of loading (inflammatory joint disease). Type 3 is breakup of articular cartilage due to defective subchondral bone (osteonecrosis of any cause). The molding of the proximal femur to a pistongrip deformity and early-onset hip arthritis has been associated with subclinical SCFE. 40 In our series, it was very uncommon to find primary OA specimens with significant loss of the head-neck shaft angle. Another possible shortcoming in our study was that it was not possible to tell if any of our patients had articular chondrolysis in association with SCFE. The long-term anatomical patterns of cartilage loss on the femoral head caused in part by chondrolysis have not been described to the best of our knowledge.
Quantifying the characteristics of acetabular wear was not part of our protocol. Kordelle et al 44 found no difference in acetabular morphology in normal and affected hips in children with SCFE. The wear changes described on the acetabular side may represent secondary changes caused by femoral head incongruity. The intraoperative changes of the acetabular cartilage and labrum have been descriptive for both SCFE and primary OA patients. 1, 21 In those cases where hip impingement existed, we also intraoperatively observed complete loss of articular cartilage and labrum at the site of impingement. 
